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ABSTRACT 


Experiments  have  been  conducted  to  study  some  of  the  properties 
of  the  inner  turbulent  wake  behind  high  speed  spheres  in  free  flight  over 
a  wide  range  of  velocity  and  pressure.  Schlieren  and  shadowgraph  tech¬ 
niques  have  been  used  to  photograph  the  wake.  It  has  been  shown  that 
the  growth  of  the  inner  wake  close  to  the  body  is  a  function  of  velocity 
and  ambient  pressure.  In  the  very  far  wake  (x/d  >  1000)  it  has  been 
shown  experimentally  that  wake  growth  follows  a  1/3  power  law  inde¬ 
pendent  of  velocity  and  ambient  pressure.  Experimental  measurements 
of  the  location  of  transition  from  laminar  to  turbulent  flow  in  the  inner 
viscous  wake  have  been  shown  to  be  dependent  upon  unit  Reynolds  num¬ 
ber.  Approximate  axial  velocity  distributions  in  the  inner  viscous  wake 
have  been  measured  with  oblique  doppler  radar  techniques  and  a 
schlieren /drum  camera  system.  These  two  systems  measure  such 
widely  different  velocities  that  it  has  been  concluded  that  they  measure 
the  velocity  at  different  radial  positions  in  a  wake  wrhich  has  strong 
radial  gradients  in  velocity.  Finally,  a  study  of  the  shock  shape  for 
spheres  for  a  wide  range  of  pressure  and  velocity  has  shown  that  the 
shape  is  dependent  upon  Mach  number  rather  than  velocity  and  is  inde¬ 
pendent  of  ambient  pressure.  This  comment  does  not  apply  to  the  stand¬ 
off  distance. 
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SECTION  I 
INTRODUCTION 


Investigations  of  the  wakes  generated  by  high  speed  bodies  at  re¬ 
mote  distances  from  the  body  have  assumed  some  importance  in  recent 
years.  The  reason  for  this  is  that  the  trail  a  body  leaves  behind  it  is  a 
function  of  the  body  shape,  size,  ambient  pressure,  and  velocity.  This 
trail  is  considered  to  be  a  source  of  observables  which  can  be  used  to 
identify  the  body.  Some  methods  of  observing  the  trail  of  a  re-entering 
body  depend  upon  the  radar  reflection  from  the  wake.  The  interaction 
of  the  electromagnetic  wave  with  the  trail  can  be  shown  to  be  influenced 
by  the  electron  density,  collision  frequency,  wake  width,  and  the  laminar 
or  turbulent  nature  of  the  flow.  These  electrical  properties  can  be 
proven  to  be  sensitive  to  contamination  from  the  injection  of  some 
foreign  gas  or  the  products  of  ablation. 

In  an  aeroballistic  range,  it  is  possible  to  study  the  trails  far  be¬ 
hind  bodies  at  the  ambient  pressure  and  velocity  which  duplicate  the  full- 
scale  vehicle  trajectory.  However,  because  of  the  small  scale  of  the 
model  generally  the  nonequilibrium  effects  cannot  be  simulated.  The 
effect  that  this  lack  of  true  simulation  has  on  fluid  dynamic  properties 
such  as  wake  velocity,  wake  growth,  and  transition  from  laminar  to 
turbulent  flow  is  not  completely  clear  at  this  time. 

Wakes  of  both  slender  and  blunt  bodies  have  been  studied  in  aero¬ 
ballistic  ranges  using  shadowgraph  and  schlieren  techniques.  A  blunt 
body  traveling  at  hypersonic  speeds  is  typified  by  the  following  three 
main  flow  regimes  (Fig.  1): 

1.  The  detached  bow  shock  wave  which  is  almost  normal  in  the 
stagnation  region  of  the  body 

2.  An  essentially  inviscid,  high  temperature  outer  wake  composed 
of  gas  which  has  passed  through  the  strong,  curved  portion  of 
the  bow  shock,  i.e. ,  an  "entropy  wake" 

3.  The  viscous,  high  temperature  inner  wake  generated  by  the 
body  boundary  layer 

Slender  bodies  give  rise  to  the  same  flow  regimes  but,  because  of 
the  much  weaker  bow  shock  wave,  the  inviscid  shock  layer  is  both  cooler 
and  narrower,  and,  because  of  the  thicker  body  boundary  layer,  the 
inner  viscous  wake  is  more  pronounced.  Thus,  the  blunt  body  can  be 
considered  to  generate  a  shock  dominated  trail,  whereas  the  slender 
body  generates  a  boundary- layer  dominated  trail.  Because  of  the  basic 
differences  in  the  wakes  of  these  types  of  body,  it  is  reasonable  to 
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assume  that  the  interaction  of  an  electromagnetic  wave  with  a  body 
trail  will  be  a  function  of  body  shape.  If  we  consider  both  a  spherical 
and  a  slender  body  at  150,  000  ft  altitude  traveling  at  23,  000  ft/sec,  the 
electron  densities  100  body  diameters  behind  these  bodies  are  of  the 
order  of  10 11  and  108  electrons /cc,  respectively,  assuming  that  the  wake 
is  laminar  in  both  cases. 

There  is  interest  in  determining  the  point  at  which  transition  from 
laminar  to  turbulent  flow  occurs  for  a  range  of  body  shapes,  sizes, 
velocities,  and  ambient  pressures.  It  is  conjectured  that  the  radar 
reflections  from  laminar  and  turbulent  wakes  will  be  sufficiently  dif¬ 
ferent  to  make  the  determination  of  the  transition  region  possible  with 
a  ground-based  radar. 

During  the  last  few  years,  a  body  of  information  has  been  accumu¬ 
lated  at  the  von  Karman  Gas  Dynamics  Facility  (VKF)  on  the  properties 
of  wakes  behind  spheres  for  a  range  of  velocities,  model  sizes,  and 
ambient  pressures.  Some  limited  data  on  the  interaction  of  an  electro¬ 
magnetic  wave  with  a  sphere  wake  have  also  been  obtained  under  certain 
flight  conditions  using  focused,  35 -kmc  microwave  probes. 


SECTION  II 
APPARATUS 


2.1  TEST  CELL 

A  complete  description  of  the  hypervelocity  pilot  range  (Armament 
Test  Cell,  Hype rballistic  (K))  can  be  found  in  Eef.  11.  Briefly,  Range  K 
(Fig.  2)  consists  of  the  following  components:  launcher,  blast  and  range 
tanks,  and  instrumentation. 


2.2  LAUNCHER 

The  launcher  is  a  two-stage,  light-gas  gun  (Fig.  2)  consisting  of  a 
combustion  chamber,  pump  tube,  high  pressure  section,  and  launch 
tube.  Various  high  pressure  sections  and  launch  tubes  ranging  in  diam¬ 
eter  from  0.  375  to  1.  0  in.  have  been  used  with  this  launcher. 

In  order  to  protect  the  model  in  the  launch  tube,  it  is  mounted  in  a 
plastic  sabot  (Lexan  ).  Two  main  types  of  sabot  have  been  used  in  the 
present  work  (Fig.  3). 
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2.3  BLAST  AND  RANGE  TANKS 

Both  of  these  tanks  are  6-ft-diam  cylinders  joined  by  a  short  spool 
piece  (Fig.  2)  containing  a  high  vacuum  valve  which  permits  the  isola¬ 
tion  of  the  two  tanks. 

The  blast  tank  is  12  ft  long  and  has  a  series  of  ports  along  the  sides 
and  upper  surface  to  permit  X-ray  photographs  to  be  taken  of  the  model 
and  sabot  after  they  have  left  the  launch  tube  (Fig.  4).  The  range  tank 
is  103  ft  long  and  is  equipped  with  six  dual -axis  shadowgraph  stations 
installed  at  approximately  15 -ft  intervals. 


2.4  INSTRUMENTATION 


2.4.1  Range  Instrumentation 

A  complete  description  of  pressure,  temperature,  and  velocity 
measuring  techniques  is  given  in  Refs.  1  and  2,  together  with  a  descrip¬ 
tion  of  the  model  detectors. 

2.4.2  Flow  Field  Visualization  Instrumentation 

In  a  turbulent  flow,  although  the  density  fluctuations  are  small  be¬ 
cause  the  turbulent  cell  size  is  also  small,  the  first  and  second  deriva¬ 
tives  of  density  can  be  large.  Since  the  shadow  method  of  flow  visualiza¬ 
tion  is  sensitive  to  the  second  derivative  of  density,  it  is  therefore 
inherently  sensitive  to  measurements  of  turbulence.  The  existing 
Fresnel  lens  shadowgraph  system,  although  not  designed  specifically 
for  flow  visualization,  offers  possibilities  of  studying  the  turbulent  -wake 
at  each  of  the  six  orthogonal  stations  in  any  one  launching.  A  typical 
turbulent  wake  shadowgraph  obtained  with  the  Fresnel  lens  system  is 
shown  in  Fig.  5. 

A  high  quality  single-pass  schlieren  system  exists  to  study  body 
flow  fields  over  a  wide  range  of  model  flight  conditions.  A  schematic 
drawing  of  the  Range  K  schlieren  system  is  shown  in  Fig.  6,  This  is 
basically  a  tw'in  concave  mirror  system  with  a  field  of  view  of  approxi¬ 
mately  12  in.  This  system  can  be  operated  with  a  vertical  or  horizontal 
knife  edge,  a  vertical  or  horizontal  Wollaston  prism,  or  as  a  focused 
shadowgraph  system.  A  Speed  Graphic®  camera  is  used  with  a  single 
flash  spark  source.  When  the  multispark  Strobokin  light  source  is  used, 
a  high  speed  drum  camera  provides  as  many  as  twenty  photographs  of 
the  model  flow  field.  Either  of  these  cameras  can  be  used  with  any  of 
the  optical  systems.  For  low  ambient  pressures,  it  is  necessary  to  use 
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a  knife-edge  system  in  order  to  utilize  to  the  fullest  the  sensitivity  of 
the  schlieren  system.  This  requires  a  high  degree  of  sqhlieren  struc¬ 
tural  stability.  The  schlieren  system  is  located  in  a  region  containing 
some  heavy  rotary  equipment,  and  this  has  necessitated  the  development 
of  a  servocontrolled  knife-edge  positioner.  This  system  has  been  shown 
to  be  capable  of  compensating  for  any  of  the  vibrations  associated  with 
the  above  equipment.  Before  the  development  of  the  servo  knife-edge 
system,  a  Wollaston  prism  which,  depending  upon  the  manner  of  mount¬ 
ing,  can  be  made  to  simulate  a  vertical  or  horizontal  knife  edge,  has 
been  used  in  place  of  the  knife  edge.  This  results  in  a  reduction  in 
sensitivity  as  compared  to  the  knife  edge  and  the  formation  of  two 
closely  overlapping  images.  However,  both  of  these  disadvantages  are 
more  than  offset  by  the  fact  that  the  whole  system  is  insensitive  to  vibra¬ 
tion.  In  Fig.  5,  the  schlieren,  used  as  a  focused  shadowgraph,  is  com¬ 
pared  to  a  Fresnel  lens  shadowgraph.  For  the  very  far  wakes,  the 
shadowgraph  system  is  inadequate  and  a  more  sensitive  system  has  to 
be  used.  In  Fig.  5,  a  photograph  of  the  very  far  wake  using  the  Wollaston 
prism  is  shown.  A  photograph  of  the  far  wake  of  a  sphere  using  the 
servocontrolled  knife  edge  is  shown  in  Fig,  7. 


2.4.3  Microwave  Instrumentation 


Some  attempts  have  been  made  to  study  oblique  scattering  from  the 
ionized  wakes  of  spheres  with  an  oblique  focused  35 -kmc  microwave 
beam.  The  antenna  is  located  in  the  range  tank  and  is  mounted  at  an 
angle  of  45  deg  to  the  longitudinal  axis  of  the  range.  It  is  focused  to  a 
diameter  of  approximately  2  in.  at  the  range  centerline.  All  the  equip¬ 
ment  associated  with  this  system  is  located  outside  the  range  tank.  The 
backscattered  signal  is  recorded  on  oscilloscopes  which  are  triggered  by 
a  shadowgraph  station  detector  with  a  delay  determined  by  the  model 
velocity. 


SECTION  III 

DISCUSSION  OF  EXPERIMENTAL  RESULTS 


3.1  TURBULENT  WAKE  GROWTH 

The  position  of  the  body  with  respect  to  the  portion  of  the  wake  in 
the  schlieren  or  shadowgraph  field  of  view  is  determined  in  the  manner 
suggested  by  Slattery  and  Clay  (Ref.  3).  The  velocity  of  the  projectile 
as  it  travels  past  the  optical  station  is  measured  together  with  the  delay 
time  between  passage  through  the  station  and  the  firing  of  the  station 
spark  source,  The  distance  behind  the  model  of  the  section  of  wake 
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photograph  is  said  to  be  given  by  the  product  of  the  velocity  through  the 
station  and  the  delay  time  as  defined  above.  For  the  present  series  of 
launchings,  when  the  schlieren  system  alone  was  being  used  to  study  the 
wake,  the  velocity  through  the  schlieren  station  can  be  accurately  inter¬ 
polated  from  the  velocity-distance  data  obtained  with  the  six  orthogonal 
shadowgraph  stations.  The  time  delay  between  the  passage  of  the  pro¬ 
jectile  and  the  firing  of  the  spark  source  was  measured  with  a  10-mc 
interval  counter.  For  the  higher  pressure  firings  (p^  200  mm  Hg), 

where  some  of  the  Fresnel  lens  shadowgraph  stations  were  used  to 
photograph  portions  of  the  model  wake,  the  velocity  and  time  delays 
were  interpolated  from  the  velocity-distance  and  velocity-time  data 
provided  by  the  stations  used  to  photograph  the  model  only. 

Because  of  the  conical  light  rays  from  the  Fresnel  lens  shadow¬ 
graph  spark  source,  there  is  some  magnification  of  the  model  in  the 
Fresnel  lens  plane.  As  a  result  of  detailed  calibrations  of  each  of  the 
orthogonal  shadowgraph  stations,  the  true  size  of  the  sections  of  wake 
photographed  can  be  measured,  (These  calibrations  have  indicated  that 
the  magnification  is  on  the  order  of  1.5.) 

Wake  widths  have  been  derived  by  tracing  the  boundary  of  the  turbu¬ 
lent  core  with  a  planimeter  and  averaging  the  width  over  a  distance  of  at 
least  ten  body  diameters  for  values  of  x/d  >  100.  For  the  higher  pres¬ 
sure  firings  for  which  orthogonal  shadowgraphs  of  the  wake  were  ob¬ 
tained,  it  was  noted  that  there  was  some  evidence  of  asymmetry  in  the 
wake.  However,  because  a  much  larger  number  of  photographs  than 
were  obtained  in  the  present  series  of  launchings  would  be  required  to 
make  a  firm  conclusion  as  to  the  degree  of  this  asymmetry,  for  the 
present  work  the  data  obtained  from  the  orthogonal  photographs  have 
been  averaged.  In  making  measurements  of  the  turbulent  wake  width  in 
the  very  far  wake  (x/d  >  1000),  small  models  have  been  used.  This  was 
necessary  for  two  reasons:  (1)  the  field  of  view  of  the  present  schlieren 
system  (approximately  12  in. )  was  too  small  to  enable  study  of  the  sizes 
of  the  turbulent  far  wakes  of  large  models  and  (2)  the  turbulent  core  did 
not  grow  in  a  smooth  manner  but  grew  in  a  cyclic  manner,  where  the 
distances  between  the  points  of  greater  diameters  are  a  function  of  the 
model  size.  This  means  that,  if  the  optical  field  of  view  is  too  small, 
the  wake  width  can  be  averaged  only  over  a  section  of  maximum  or  mini¬ 
mum  width.  This  problem  is  illustrated  by  the  photograph  of  the  very 
far  wake  of  a  l/8-in.  -diam  sphere  in  Fig.  9.  The  ratio  of  the  maximum 
to  minimum  width  in  this  photograph  is  on  the  order  of  1.5.  This  problem 
of  compatibility  of  field  of  view  size  and  the  size  of  the  model  under  study 
has  been  discussed  by  Braun  in  Ref.  4.  In  fact,  his  recommendation  is 
that  the  field  of  view  should  cover  several  cycles  of  this  quasi-cyclic 
formation. 


5 


A  EDC-TR-66-32 


The  experimental  data  obtained  at  the  VKF  cover  the  pressure 
range  from  10  to  600  mm  Hg  over  the  velocity  range  from  7000  to 
21,  000  ft/sec.  Some  photographs  of  turbulent  wakes  are  shown  in 
Figs.  10  through  13.  Values  of  wake  width  derived  from  these  and 
other  photographs  are  plotted  in  Figs.  14  through  18.  Wake  width  and 
axial  distance  are  expressed  in  terms  of  the  parameters  w / yj  CdA  and 
x/VCdA,  as  suggested  in  Ref.  5.  In  correlating  the  data  obtained  in 
the  present  tests,  the  values  of  CD  used  were  consistent  with  the  values 
given  in  Ref.  1.  Where  data  from  various  sources  are  compared  using 
these  parameters,  if  no  value  for  Cd  was  quoted  in  the  reference,  the 
values  given  by  Ref,  1  were  used  in  the  calculation  of  the  parameters. 

A  comparison  of  the  present  data  at  a  pressure  of  600  mm  Hg  with 
data  obtained  in  other  facilities  at  atmospheric  pressure  is  shown  in 
Fig.  14.  Very  good  agreement  is  indicated  with  Kynstautas'  (Ref.  6) 
data  obtained  for  a  3-in.  -diam  sphere  and  that  obtained  in  the  present 
tests  for  spheres  less  than  1  in.  diameter.  Data  obtained  at  slightly 
lower  velocities  at  atmospheric  pressure  (Refs.  4,  7,  and  8)  although 
not  shown  in  Fig.  14  are  also  in  good  agreement  with  the  present  data 
and  those  of  Ref.  6.  The  theoretical  predictions  of  Lees  and  Hromas 
(Ref.  9)  and  Lykoudis  (Ref.  10)  are  also  in  good  agreement  with  these 
experimental  data.  The  experimental  data  presented  in  Ref.  3  are  shown 
in  Fig.  14.  These  indicate  a  larger  wake  than  either  of  the  theories  or 
the  experimental  work.  No  explanation  can  be  found  at  this  time  for  this 
difference. 

In  Fig.  15  some  experimental  data  obtained  at  an  almost  constant 
velocity  but  with  varying  ambient  pressure  are  compared  with  theories 
of  Refs.  9  and  10.  The  experimental  results  indicate  a  small  but  con¬ 
sistent  trend  of  an  increase  in  wake  width  at  a  fixed  axial  station  with 
reduction  in  ambient  pressure  for  x/^CqA  <  1000.  This  trend  is  con¬ 
sistent  with  an  increase  in  the  ratio  of  neck  enthalpy  to  stagnation 
enthalpy.  Both  theories  are  based  on  the  same  physical  considerations, 
and  both  depend  on  the  initial  conditions  chosen  for  the  wake  calculations. 
The  theory  of  Ref.  9  requires  extensive  numerical  calculations  and 
results  of  only  two  cases  calculated  by  this  theory  were  published. 
Lykoudis  (Ref.  10),  although  starting  from  the  same  basic  assumptions, 
has  made  a  series  of  approximations  which  give  a  closed  form  solution. 
This  has  permitted  a  study  of  the  effect  of  Mach  number  and  neck 
enthalpy  on  wake  growth.  Both  theories  are  in  agreement  that  for 
x/ yj  CdA  >  1000,  the  wake  growth  is  independent  of  Mach  number  and 
neck  enthalpy. 

In  Fig.  16,  some  data  obtained  at  slightly  higher  velocity  at  a  pres¬ 
sure  of  300  mm  Hg  are  shown.  One  of  the  conclusions  possible  from 
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Fig.  15  is  that  for  pressures  such  as  this,  a  neck-to-stagnation  enthalpy 
ratio  near  0.  5  should  be  applicable.  It  can  be  seen  that  this  curve  does 
approximate  the  experimental  results  reasonably  well. 

For  velocities  greater  than  10,  000  ft /sec,  there  is  a  relatively 
small  body  of  published  information  on  the  growth  of  the  turbulent  inner 
wake.  At  AVCO,  NOL,  and  (Refs.  5,  11,  and  12,  respectively) 

data  on  wake  growth  for  velocities  between  15,  000  and  20,  000  ft/sec 
have  been  obtained  with  shadowgraph,  schlieren,  and  luminosity  tech¬ 
niques.  It  can  be  seen  in  Fig.  17  that  the  experimental  shadowgraph  and 
schlieren  data  from  these  various  sources  are  in  reasonable  agreement. 
On  the  basis  of  the  trend  shown  in  Fig.  15,  it  would  be  expected  that  the 
low  pressure  data,  p^  =  35  mm  Hg,  would  agree  with  Lykoudis '  theory 
for  a  neck-to-stagnation  enthalpy  ratio  greater  than  0.  5.  The  present 
results  indicate  that  this  is  true  (Fig.  17).  With  present  experimental 
techniques,  it  has  been  found  impossible  to  obtain  measurements  of  the 
inner  turbulent  wake  width  for  x/\j  Cp)A  <90.  The  reason  for  this  can 
be  seen  by  referring  to  Fig.  12.  It  is  evident  that  for  conditions  such 
as  those  in  Fig.  12,  the  inner  turbulent  wake  is  completely  embedded  in 
the  inviscid  wake  and  is  thus  invisible  to  examination  by  schlieren  tech¬ 
niques.  On  the  basis  of  the  experimental  results  to  date,  it  would  appear 
reasonable  to  conclude  that  Lykoudis1  (Ref.  10)  prediction  of  the  form  of 
the  wake  growth  in  the  near  wake  is  in  better  agreement  with  experiment 
than  is  the  prediction  of  Lees  and  Hromas  (Ref.  9). 

A  technique  used  at  AVCO  (Ref.  5)  to  study  the  growth  of  the  turbu¬ 
lent  inner  wake  is  to  fire  plastic  projectiles  which  ablate  strongly  and 
give  rise  to  a  highly  luminous  wake.  It  is  considered  that  the  products 
of  ablation  act  as  a  dye  and  correctly  delineate  the  boundary  of  the 
viscous  wake.  Three  techniques,  involving  an  image  converter  camera, 
a  race  track  camera,  and  a  wake  scanner  instrument,  w’ere  used  to  ob¬ 
tain  wake  growth  data  out  to  values  of  x/d  =  1200,  Complete  details  of 
these  techniques  are  given  in  Ref.  5.  In  the  course  of  the  present  study, 
a  highly  ablating  nylon  sphere  (Fig.  13)  was  launched,  and  the  measured 
wake  width  wras  greater  than  measured  at  AVCO  for  the  bluff  body,  at 
least  where  the  two  sets  of  data  overlap  (Fig.  17). 

Many  attempts  have  been  made  to  demonstrate  the  1/3  power  lawr 
dependence  of  wake  growth.  In  Refs.  9  and  10  it  is  indicated  that  such 
a  dependence  is  true  in  the  far  wake  and  that  there  is  no  velocity  depend¬ 
ence  in  this  region.  A  comparison  of  all  the  available  experimental  data 
for  x/yj  CdA  £  1000  is  made  in  Fig.  18.  Although  these  data  cover  a 
wide  velocity  range  (7000  to  21,  000  ft/sec)  and  a  large  ambient  pres- 
sure  range  (15  to  600  mm  Hg),  a  1/3  power  law  dependence  of  w / \j  CdA 
is  indicated  by  these  data,  which  have  a  scatter  on  the  order  of  ±20  per¬ 
cent  at  a  fixed  value  of  x/yj  CdA. 
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3-2  TRANSITION  FROM  LAMINAR  TO  TURBULENT  FLOW 


One  of  the  problems  in  correlating  wake-transition  data  is  that,  at 
this  time,  no  correlation  parameters  have  been  derived  which  fully 
account  for  the  effects  of  body  shape  on  transition.  Several  attempts 
have  been  made  to  correlate  all  the  available  wake  transition  data  and 
an  example  of  this,  given  by  Zeiberg  (Ref.  13),  is  shown  in  Fig.  19. 

The  purpose  of  this  correlation  is  to  provide  a  simple  formula  for  the 
prediction  of  wake  transition  for  full-scale  hypersonic  re-entry  bodies. 
Although  this  correlation  employs  concepts  which  have  been  successfully 
used  in  correlating  boundary-layer  and  free-shear-layer  transitions, 
there  are  uncertainties  (Ref.  14)  concerning  its  validity  when  used  to 
predict  transition  for  large  bodies. 

In  the  present  discussion,  only  sphere  wake  transition  will  be  con¬ 
sidered,  Previous  experience  (Ref.  14)  has  shown  that,  for  a  fixed 
body  shape,  transition  is  a  function  of  Mach  number  and  a  Reynolds 
number  (for  simplicity  free -stream  Reynolds  number  will  be  used).  An 
examination  of  Zeiberg 's  correlation  (Fig.  19)  indicates  that,  for 
Mo,  =  7.  5  and  for  a  unit  Reynolds  number  range  from  0.  4  to  11  x  10^  in.--*-, 
the  transition  Reynolds  number  of  sphere  wakes  varies  from  106  to  10^. 
Implicit  in  Zeiberg's  correlation  is  the  assumption  of  a  unique  transition 
Reynolds  number  for  a  fixed  free-stream  Mach  number  and  body  shape. 

On  the  basis  of  available  data,  including  the  present,  it  is  reasonable  to 
conclude  that  transition  distance  also  is  a  function  of  unit  Reynolds  num¬ 
ber.  This  possibility  is  suggested  by  Erdos  and  Gold  (Ref.  14).  (It  is 
of  interest  to  note  that  boundary-layer  transition  on  many  different 
shapes  has  been  shown  to  be  a  function  of  unit  Reynolds  number.  For 
example,  see  Refs.  15  through  17).  All  of  the  available  ballistic  range 
data  on  spheres  together  with  data  obtained  in  the  present  study  are 
shown  in  Figs.  20  and  21. 


In  Fig.  20,  data  obtained  at  velocities  on  the  order  of  8000  ft/sec 
are  presented.  For  a  sphere  diameter  of  0.  5  in,  where  data  from  the 
present  tests  overlap  with  those  obtained  by  Clay  and  Slattery  (Ref.  3), 
there  is  good  agreement  in  the  region  of  overlap.  A  unit  Reynolds  num¬ 
ber  range  from  5  x  10^  to  4  x  lO^/in.  is  covered  by  these  two  sets  of 
data.  As  the  unit  Reynolds  number  decreases  initially,  the  transition 
Reynolds  number  decreases  until,  at  a  unit  Reynolds  number  of  approxi¬ 
mately  2  x  lO^/in. ,  the  transition  Reynolds  number  possibly  undergoes 
an  increase  with  further  decrease  in  unit  Reynolds  number.  The  data 


for  the  0.  125 -in.  -diam  sphere  seem  to  indicate  a  similar  behavior. 
For  this  sphere  size  however,  the  unit  Reynolds  number  at  which  the 
transition  Reynolds  number  is  a  minimum,  is  now  approximately 
9  x  105/in.  The  data  obtained  for  the  0.  25 -in.  -diam  sphere  indicate  a 
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minimum  transition  Reynolds  number  between  the  0.  125-  and  0.  5 -in.  - 
diam  values,  but  the  suggested  increase  in  transition  Reynolds  number 
for  lower  values  of  unit  Reynolds  number  is  not  as  well  defined.  Also 
plotted  in  Fig.  20  are  the  results  of  some  transition  measurements 
made  on  the  surface  of  a  large  hollow  cylinder  parallel  to  a  hypersonic 
wind  tunnel  flow  (Ref.  15)  and  on  an  ogive -cylinder  parallel  to  a  super¬ 
sonic  w’ind  tunnel  flow  (Ref.  16). 

It  can  be  seen  that,  in  the  unit  Reynolds  number  range  of  this 
experiment  (4  x  105  to  3  x  106/in. ),  the  transition  Reynolds  number 
varies  in  the  same  manner  as  for  the  sphere  wakes.  Demetriades  and 
Gold  (Ref.  18)  have  obtained  some  data  on  the  transition  from  laminar 
to  turbulent  flow  in  the  wake  of  a  transverse  cylinder.  A  curve  repre¬ 
senting  the  best  average  through  their  experimental  data  is  shown  in 
Fig.  20.  Although  these  results  cover  a  small  range  of  unit  Reynolds 
number,  they  do  indicate  that  as  the  unit  Reynolds  number  is  reduced, 
at  small  values  of  unit  Reynolds  number,  the  transition  Reynolds  num¬ 
ber  increases.  This  variation  is  in  agreement  with  that  indicated  by 
some  of  the  data  obtained  for  spheres  (Fig.  20)  and  does  suggest  that  at 
low  unit  Reynolds  numbers  there  may  be  an  abrupt  increase  in  transition 
Reynolds  number. 

In  Fig.  21  all  the  available  high  speed  (15,  000  to  26,  000  ft/sec)  wake 
transition  data  are  plotted.  The  data  obtained  for  the  high  speeds  are  not 
as  comprehensive  as  for  the  lower  speeds.  However,  the  data  of  Refs.  12 
and  19  and  the  present  data  for  the  0.  25 -in.  -diam  models  indicate  the 
same  general  trend  as  at  the  lower  speed.  Photographs  of  what  was  con¬ 
sidered  to  be  transition  in  the  wake  of  a  high  speed,  0.  25 -in.  -diam  sphere 
are  shown  in  Figs.  22a  and  b.  Photographs  taken  from  either  side  of  the 
axial  station  in  the  photograph  in  Fig.  22a  were,  respectively,  laminar 
and  turbulent.  The  bar  placed  on  this  data  point  in  Fig.  21  indicates  the 
distance  spread  covered  by  the  photographs.  The  form  of  this  phenome¬ 
non  is  demonstrated  in  Fig.  22b  where  a  sequence  of  drum  camera  photo¬ 
graphs  of  the  wake  of  a  high  speed  sphere  at  low  pressure  are  shown.  It 
is  of  interest  to  note  that  these  two  data  points  obtained  at  low  unit 
Reynolds  numbers  lie  between  the  level  of  transition  Reynolds  numbers 
measured  in  the  present  work  and  those  of  Refs.  12  and  19. 

In  the  foregoing  discussion  no  mention  has  been  made  of  the  problems 
of  determining  when  transition  from  laminar  to  turbulent  flow  has 
occurred  in  the  wake.  As  mentioned  earlier,  the  wake  behind  a  sphere 
is  composed  of  two  parts:  (1)  the  high  temperature  outer  wake  generated 
by  the  passage  of  the  gas  through  the  curved,  strong  part  of  the  bow 
shock  wave  and  (2)  the  high  temperature,  viscous,  inner  wake  generated 
by  the  boundary  layer.  The  density  gradients  in  the  inner  and  outer 
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wakes  make  it  difficult  to  distinguish  between  the  two  regions.  This  in 
turn  makes  it  difficult  to  determine  the  position  of  transition  from 
laminar  to  turbulent  flow  in  the  inner  viscous  wake.  This  problem  is 
well  illustrated  in  Figs.  11  and  12.  For  the  high  speed  case  in  Fig.  12, 
it  can  be  seen  that  at  80  body  diameters  behind  the  sphere  the  viscous 
inner  wake  cannot  be  identified  within  the  inviscid  outer  wake.  For  the 
succeeding  photographs  in  this  sequence  the  turbulent  inner  wake  can  be 
seen  breaking  through  the  inviscid  outer  wake  and  giving  rise  to  a  weak 
shock  wave  system.  It  seems  reasonable  to  conclude  that  these  shock 
waves  are  generated  by  the  turbulence  in  the  viscous  inner  wake.  Re¬ 
turning  now  to  the  photograph  at  80  body  diameters  behind  the  sphere, 
it  can  be  seen  that,  although  the  inner  turbulent  wake  is  not  visible,  it 
is  reasonable  to  conclude  that  it  is  turbulent  because  of  the  existence  of 
the  shock  waves  between  the  body  bow  shock  and  the  inviscid  outer  wake. 
For  the  high  speed  cases  where  it  has  not  been  possible  to  distinguish 
between  the  inner  and  outer  wakes,  the  point  of  transition  has  been 
determined  by  the  position  of  these  shock  waves.  That  this  is  a  reason¬ 
able  method  of  defining  transition  in  the  inner  wake  is  evidenced  by  the 
good  agreement  between  the  present  results  and  those  obtained  else¬ 
where.  However,  at  low  pressures  (e.  g.  Figs.  22a  and  b)  these  weak 
shock  waves  are  not  discernible,  and  it  becomes  difficult  to  determine 
the  position  of  transition.  It  has  been  suggested  that  the  data  of  Ref.  12 
in  Fig.  21  represent  the  position  at  which  the  turbulent  inner  wake 
breaks  through  the  inviscid  outer  wake,  {not  necessarily  the  location  of 
transition  in  the  inner  wake).  The  fact  that  most  data  in  Figs.  22a  and  b 
show  turbulence  orders  of  magnitude  sooner  than  do  the  data  of  Ref,  12 
encourages  the  belief  that  the  lower  Re^x-^  represents  transition  of  the 
inner  viscous  wake. 

Webb  et  al,  (Ref.  20)  suggest  that,  provided  the  free-stream  Mach 
number  is  large,  then  transition  is  independent  of  Mach  number. 
Examination  of  Figs.  20  and  21  indicates  that  indeed  the  transition 
Reynolds  number  is  a  weak  function  of  Mach  number.  Wilson  (Ref.  19) 
suggests  that  this  weak  dependence  can  be  accounted  for  by  using 
(Re^x-trO/M^  as  the  correlating  parameter.  Accordingly,  all  the  avail¬ 
able  sphere  wake  data  in  the  Mach  number  range  of  5  to  20  are  plotted 
in  Fig.  23.  Examination  of  this  figure  shows  that  the  bulk  of  the  experi¬ 
mental  data  falls  within  a  ±30-percent  band.  For  body  Reynolds  num¬ 
bers  less  than  4  x  10^,  the  transition  distance  appears  to  increase  very 
rapidly.  This  rapid  increase  in  transition  distance  is  based  on  seven 
data  points,  four  low  speed  (M^  =  7.5)  and  three  high  speed(15  ^  £  21). 

For  the  case  of  the  VKF  high  speed  shot  (Fig.  22a),  the  inviscid  wake  has 
a  diameter  of  approximately  eight  body  diameters,  whereas  the  corre¬ 
sponding  turbulent  wake  would  have  a  diameter  of  approximately  nine 
body  diameters  at  this  axial  distance  behind  the  sphere.  Transition  in 
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the  wake  of  a  free-flight,  8-in.  -diam  sphere  has  been  derived  from  a 
doppler  analysis  of  the  radar  return  (Ref.  12)  and  is  plotted  in  Fig.  23. 

At  this  measured  transition  distance,  it  can  be  shown  that  both  the  in- 
viscid  and  turbulent  wake  diameters  are  approximately  equal  to  16  body 
diameters.  This  tends  to  support  the  suggestion  that  the  transition 
values  quoted  in  Ref.  12  are  in  fact  the  points  at  which  the  turbulent 
inner  wake  emerged  from  the  inviscid  outer  wake.  This  type  of  transi¬ 
tion  seems  to  be  significant  since  it  apparently  may  be  this  point  of 
breakthrough  which  provides  a  backscattered  radar  return.  From  a 
consideration  of  re-entry  detection,  this  event  may  be  of  more  signifi¬ 
cance  than  transition  from  laminar  to  turbulent  flow  in  the  viscous  inner 
wake,  since  this  latter  phenomenon  often  cannot  be  detected  either  with 
a  radar  system  or  a  schlieren  system.  Of  course  another  possibility  is 
that  Figs.  22a  and  b  represent  some  form  of  apparent  transition  to 
turbulence  in  the  outer  inviscid  wake.  This  introduces  an  element  of 
doubt  into  the  interpretation  of  these  seven  data  points.  Wilson  (Ref.  19) 
has  shown  that  the  inviscid  outer  wake  growth  can  be  expressed  in  the 
form 

w,/d  -  (X/d/ReTOd)l/4 

Wilson's  data,  together  with  some  data  obtained  in  the  VKF  in  the  same 
speed  range,  are  shown  in  Fig.  24. 

The  effects  of  unit  Reynolds  number  and  body  Reynolds  number  on 
transition  Reynolds  number  are  of  importance  since  to  date  it  has  usually 
been  assumed  that  transition  Reynolds  number  in  wakes  is  a  function  of 
Mach  number  only  for  a  particular  body  shape  (Ref.  13). 


3.3  WAKE  VELOCITY 

Two  techniques  have  been  used  to  measure  the  velocity  of  the 
turbulent  wake  behind  a  sphere.  A  repetitive  light  source,  whose  fre¬ 
quency  can  be  as  high  as  10  kc,  permits,  in  conjunction  with  a  high  speed 
drum  camera,  as  many  as  twenty  photographs  of  the  turbulent  wake  of  a 
model  to  be  taken.  In  Figs.  10  and  13,  photographs  obtained  with  this 
system  are  shown.  For  the  low  speed  shot,  it  is  possible  to  follow  a 
particular  turbulent  cell  on  the  periphery  of  the  wake  through  several 
frames  and,  from  a  knowledge  of  the  time  between  frames  .and  the 
distance  moved,  the  cell  velocity  can  be  calculated.  For  the  high  speed 
shot  where  the  pulse  frequency  of  the  spark  source  was  much  slower 
(i.e. ,  on  the  order  2  kc),  the  motion  of  individual  turbulent  cells  is  too 
slow  to  be  measured  with  any  accuracy  with  this  technique. 

The  other  method  used  to  measure  wake  velocity  is  the  oblique 
focused  doppler  radar.  With  this  system,  if  the  electron  density  in  the 
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wake  of  a  nonablating  bo"dy  is  sufficiently  high,  then  the  incident  micro- 
wave  energy  will  be  reflected.  If  the  regions  of  high  electron  density 
can  be  assumed  to  be  directly  related  to  the  Quid  dynamic  properties  of 
he  turbulent  wake  then  such  a  method  should  give  a  measure  of  the 
axial  velocity  variation  in  the  wake  of  a  body.  In  the  present  series  of 
tests  where  the  projectile  velocity  has  been  less  than  21,  000  ft/sec 

Wr*ele?/°n  denSity  measurements  (Refs.  12  and  21)  have  shown  that 
with  the  35 -kmc  system  used  here,  reflection  from  the  clean  wake  would 
not  be  expected.  However,  small  amounts  of  model  ablation  can  be 
shown  to  provide  a  highly  reflective  wake.  A  good  example  of  this  is 
given  in  Fig.  25  where  an  ablating  steel  sphere  is  compared  with  a  non- 
ablatmg  tungsten  carbide  sphere  at  similar  flight  conditions.  For  the 
ablating  steel  sphere  (Fig.  25a)  there  is  a  strong  signal  from  the  wake 
whereas  the  nonablating  tungsten  model  (Fig.  25b)  gives  no  reflection. ' 

is  of  interest  to  note  that  a  ballistic  spectograph  indicated  the  pre¬ 
sence  of  iron  in  the  steel  sphere  flow  field. )  Bearing  in  mind  that 
microwave  signals  can  behave  in  different  ways  depending  on  the  mate¬ 
rial  in  the  wake,  the  tungsten  carbide  sphere  was  fired  at  atmospheric 
pressure  where  it  gave  a  strong  wake  reflection  (Fig.  25c).  From  the 
foregoing  it  is  reasonable  to  assume  that  model  material  contamination 
in  the  wake  provides  a  reflecting  surface  for  the  microwave  energy. 

This  is  analogous  to  the  technique  used  by  AVCO  (Refs.  4  and  22)  to 
delineate  the  extent  and  velocity  of  a  turbulent  wake  by  studying  the 
luminosity  generated  by  a  highly  ablating  plastic  model.  It  has  been 
shown  m  an  earlier  section  that  the  luminous  turbulent  wake  measured 
m  this  manner  is  not  the  same  as  that  measured  optically  (i.  e.  from 
schlieren  and  shadowgraph  photographs).  Therefore,  in  any  application 
or  comparison  of  the  measured  wake  velocities  of  ablating  bodies  it  must 
that  these  velocities  may  not  be  truly  representative  of 
e  fluid  velocity,  at  least  in  the  outer  part  of  the  wake. 

.  In  Flg‘  26j  the  velocity  distribution  obtained  with  the  present  tech- 

mlfs8  ?  c?rpar;trthameasurements  made  at  m-i-t-  avco,  and  gm 

IKeis.  5,  and  23)  and  also  with  the  theoretical  variation  (Ref.  9) 

e  present  focused  oblique  doppler  radar  results  are  in  very  good  agree- 
ment  with  those  obtained  at  GM  (Ref.  23)  and  also  with  the  theory.  Five 
’’T"  contaminants,  nylon,  copper,  tungsten  carbide,  aluminum,  and 
steel,  have  been  injected  into  the  wakes  by  ablation.  These  five  mate- 
rials  represent  a  range  in  specific  gravity  from  approximately  1  to  15 
and  a  melting  temperature  range  from  500  to  3500°K.  For  this  wide 
range  of  material  properties,  no  consistent  effect  upon  the  wake  velocity 

deur/  f  6  !d‘  Fr°m  thlS  “  appears  reasonable  to  conclude  that  the 
n  ®  °  Con  aminatlon  is  not  large  enough  to  significantly  modify  the 

nfU+h  pfoperties  of  the  wake.  As  noted  earlier,  the  diameter 

he  turbulent  wake  of  an  ablating  nylon  sphere  was  slightly  larger 
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{approximately  10  percent  than  that  of  a  clean  wake  (Fig.  17).  However, 
this  cannot  be  considered  conclusive  because  normally  scatter  of  this 
order  of  magnitude  is  inherent  in  such  measurements.  Therefore,  the 
wake  velocities  measured  in  this  manner  should  closely  approximate 
the  clean  wake  velocity,  and  this  presumably  contributes  to  the  good 
agreement  with  the  theoretical  values. 

The  wake  velocity  measured  from  the  motion  of  a  peripheral  turbu¬ 
lent  cell  indicates  either  that  there  is  a  very  strong  effect  of  projectile 
velocity  on  the  decay  in  the  wrake  or  that  there  are  very  pronounced 
radial  velocity  gradients  in  the  wake.  For  example,  at  a  distance  of 
300  body  diameters  from  the  body,  the  doppler  radar-determined 
velocity  ratio,  Vw/Vx  is  0.  1,  whereas  the  schlieren-determined 
velocity  ratio  is  on  the  order  of  0.  01.  The  present  schlieren  data  are 
lower  than  those  measured  in  this  manner  and  reported  in  Ref.  3. 

Some  data  obtained  wdth  a  drum  camera  at  AVCO  (Ref.  22)  on  the 
velocity  of  ablating  particles  in  the  wake  of  a  body  are  also  shown  in 
Fig.  26.  These  results  were  obtained  at  a  velocity  close  to  that  cor¬ 
responding  to  the  schlieren  data  obtained  in  the  present  tests.  The 
AVCO  data  are  in  very  good  agreement  with  the  oblique  doppler  radar, 
which  would  indicate  a  very  wreak  influence  of  projectile  velocity  on  the 
ratio  of  wake  velocity  to  projectile  velocity.  The  agreement  in  the 
region  where  these  results  overlap  with  the  present  schlieren  results 
is  not  good.  As  noted  in  an  earlier  discussion,  the  measured  luminous 
wake  has  a  smaller  diameter  than  that  based  on  schlieren  photographs. 
This  probably  means  that  the  velocity  measured  from  the  luminous 
wake  is  at  a  station  closer  to  the  wake  axis  than  the  schlieren  meas¬ 
ured  velocity.  This  would  tend  to  confirm  the  existence  of  strong  radial 
velocity  gradients  in  the  wake. 

It  is  also  interesting  to  note  that  the  wave  form  of  the  doppler  radar 
wake  return  is  clean  (Fig.  25)  indicating  that  the  reflection  is  from  a 
relatively  uniform  source.  The  velocity  measured  by  the  oblique  doppler 
radar  does  not  represent  a  measurement  of  the  average  wake  velocity, 
but  rather  it  represents  the  velocity  of  the  region  in  the  wake  which  best 
reflects  the  radar  energy.  The  good  agreement  between  the  measured 
luminous  and  radar  wake  velocities  indicates  that  the  contaminants 
which  provide  the  source  of  luminosity  and  radar  reflection  are  probably 
confined  to  the  same  region  of  the  turbulent  inner  wake. 


3.4  SHOCK  WAVE  PROFILES  FOR  SPHERES 

A  knowledge  of  the  shock  wave  profiles  is  of  interest  since  it  is 
necessary  as  a  starting  point  in  the  calculation  of  the  flows  over  blunt- 
nosed  bodies.  Various  authors  have  shown  that  the  blast  wave  analogy 
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predicts  the  important  features  of  hypersonic  flow  over  blunt  bodies. 

It  has  been  shown  that  the  second-approximation  blast  analogy  equation 
for  shock  wave  shape  is  exactly  hyperbolic  (Ref.  24),  i.  e. , 


y/d  =  (yooCoAtJo) 


’4 


(x/d)'4 


[i- 


A,/Mj  (4  J0/yw  Cd  Y1  x/'d_ 


(1) 


where  A  and  J0  are  functions  of  the  free -stream  specific  heat  ratio,  ym. 


An  experimental  program  has  been  conducted  in  the  Ames  Super¬ 
sonic  Free  Flight  Wind  Tunnel  (Ref.  25),  where  data  on  the  shock  pro¬ 
files  of  a  series  of  ellipsoidal-nosed  cylinders  have  been  obtained  in  the 
Mach  number  range  5  to  15.  In  this  facility,  the  high  Mach  numbers  are 
obtained  by  launching  projectiles  into  a  M,,,  =  3.0  flow  generated  by  a 
standard  wind  tunnel  nozzle  operating  at  a  total  temperature  of  approxi¬ 
mately  300°K  with  air.  Consequently,  a  value  of  Mm  =  15  may  be 
obtained  by  launching  a  projectile  at  a  velocity  of  8000  ft /sec  into  this 
flow.  With  this  technique  a  high  Mach  number  can  be  generated  without 
also  generating  the  high  temperatures,  and  hence  the  real  gas  effects, 
normalLy  associated  with  such  a  Mach  number.  From  this  study,  it  was 
concluded  that  shock  wave  profiles  could  be  represented  by  an  equation 
of  hyperbolic  form,  viz, 

y/d  =  K  [(x/d)Vn  +  a  ( x/d )]  (2) 

which  has  its  apex  at  the  origin  and  k  is  the  slope  of  the  asymptote. 


With  some  algebraic  manipulation,  Eq.  (1)  can  be  written  in  the 
same  form  as  Eq.  (2)  where  the  constants  in  Eq.  (2)  are  defined  by 
Ref.  25,  i.  e.. 


K  =  i 

a  =  CDl/j  (4Jo/yos)1/j  >  (3) 

n  =  1/2  1 

A  substitution  of  the  theoretical  values  for  the  quantities  described  in 
Eq.  (3)  did  not  give  a  good  prediction  of  the  shock  shapes  reported  in 
Ref.  25.  Therefore,  the  experimental  data  of  Ref.  25  were  fitted  by  a 
least  squares  routine  which  resulted  in  a  different  set  of  values  for  the 
parameters  in  Eq.  (3).  It  was  found  that  these  parameters  could  be 
expressed  as  functions  of  drag  coefficient  and  free-stream  Mach  num¬ 
ber,  viz. 
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,  2  n  .  -C.5  I.« 

(Moo  -  D  +  0.057  CD 

O.JTI  -  US  [  C  j)°‘75  (M^1-  ]  )  ] 


0.56  [cD0'”(Mj  -  1)]' 


\ 

—  Q.07  ^ 


(  0.646  e“°*23?  CD0,75)(CDu,i  M  “ ) 


(4) 


Another  frequently  used  shock  wave  shape  prediction  is  that  of 
Van  Hise  (Ref.  26)  who  has  obtained  computer  solutions  for  various 
body  shapes.  He  found  that,  for  high  Mach  numbers  (M^  £  20),  the 
shock  shapes  for  the  various  bodies  studied  could  be  approximated  by 

y'd  =  0.98  [x'd  (Cd)*4]  <5> 

These  three  theoretical  predictions  are  compared  with  some  meas¬ 
ured  results  covering  the  velocity  range  from  3000  to  21,  000  ft/sec  and 
the  pressure  range  from  0.  7-  to  200-mm  Hg.  For  this  wide  range  of 
pressure  it  can  be  seen  that  for  velocities  on  the  order  of  20,  000  ft/sec, 
shock  wave  shape  (not  standoff  distance)  is  independent  of  pressure 
within  the  limitations  of  present  measuring  techniques.  Furthermore, 
it  is  of  interest  to  note  that,  although  these  conditions  cover  a  regime 
where  real  gas  effects  could  be  expected  to  be  significant,  the  agree¬ 
ment  with  the  prediction  of  Ref.  25,  which  does  not  account  for  real  gas 
effects,  is  very  good.  This  indicates  that  the  real  gas  effects  do  not 
modify  the  shock  shape  to  a  degree  sufficient  to  be  measured.  For  a 
velocity  of  approximately  10,  000  ft/sec,  the  result  of  Ref.  25  is  again 
in  good  agreement  with  the  measured  values. 


SECTION  IV 
CONCLUSIONS 


In  a  study  such  as  this,  which  has  been  to  some  extent  an  assess¬ 
ment  of  the  sensitivity  of  some  of  the  instrumentation  developed  to  study 
trail  observables,  it  is  difficult  to  draw  many  firm,  final  conclusions. 
Further  work  is  planned  to  make  better  use  of  the  equipment,  now  that 
a  better  appreciation  of  its  performance  capabilities  is  available. 

However,  on  the  basis  of  the  results  obtained  to  date,  the  following 
conclusions  appear  to  be  valid: 

1-  In  the  near  wake,  the  inner  turbulent  wake  growth  with  distance 
has  been  shown  experimentally  to  be  a  function  of  ambient 
pressure  and  velocity. 
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2.  In  the  far  wake,  the  inner  turbulent  wake  width  has  been  shown 
to  have  a  1/3  power  law  dependence  on  distance,  independent 
of  velocity  and  ambient  pressure. 

3.  Transition  from  laminar  to  turbulent  flow  in  the  inner  wake 
has  been  shown  to  be  a  function  of  unit  Reynolds  number,  at 
least  at  higher  unit  Reynolds  numbers.  At  low  unit  Reynolds 
numbers  the  point  of  transition  in  the  inner  wake  is  difficult 
to  determine,  being  obscured  by  the  entropy  layer  or  inviscid 
wake  of  the  bow  shock.  Thus,  it  is  not  clear  at  this  time 
whether  or  not  the  point  of  transition  or  the  point  at  which  the 
inner  wake  bursts  through  the  inviscid  wake  is  of  more  signifi¬ 
cance. 

4.  Wake  velocity  measurements  with  oblique  doppler  radar  and 
schlieren  techniques  indicate  strong  axial  and  radial  velocity 
gradients  in  the  near  wake. 

5.  At  a  given  velocity,  shock  shape  is  shown  to  be  independent  of 
ambient  pressure.  This  has  been  shown  at  velocities  of 

10,  000  and  20,  000  fps  over  a  pressure  range  of  1  to  200  mm  Hg. 
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1.  Model  and  Sabot  Together  in  Launch  T ube 

2.  Model  and  Sabot  Separated  after  Passing  through  Pin  Stripper 

3.  Sabot  Arrested  by  Lead  Block;  Model  Passes  through  a  Hole  in 
the  Block  and  on  Down  Range 


Pin  and  Lead  Stripper 
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1-2.  As  Above 

3.  Sabot  Strikes  Angle  Ramp  and  Deflects  Vertically 

4.  Sabot  Strikes  Catcher  Plate;  Sphere  Passes  through  Hole  and 
on  Down  Range 


Pin  and  Ramp  Stripper 
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Model  and  Sabot  Together  in  Launch  Tube 

2.  Petal  led  Sabot  Spreading  under  Action  of  Aerodynamic  Forces 

3.  Sabot  Arrested  by  Catcher  Plate;  Sphere  Passes  through  Hole 
and  on  Down  Range 

Aerodynamic  Stripper 

Fjg.  3  Model  Separation  Techniques  Used  in  Range  K 
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Fig.  4  X-Ray  Shadowgrams 
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Fresnel  Lens  Shadowgraph,  x/d  =  512 
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Fig.  6  Hypervelocity  Range  K  Schlieren  System 
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Fig.  10  Turbulent  Wake  behind  a  Sphere  at  an  Ambient  Pressure  of  100  mm  Hg  at  a  Velocity  of  10,900  ft/sec 
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Fig.  12  Turbulent  Woke  behind  o  Sphere  at  an  Ambient  Pressure  of  35  mm  Hg  (19,000  $  VM  £  21,000) 
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Fig.  16  The  Growth  of  the  Inner  Turbulent  Wake  behind  a  Sphere  (12,000  <  V^,  <  13,500  ft/sec) 
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Fig.  17  The  Growth  of  the  Inner  Turbulent  Woke  behind  a  Sphere  (15,000  <  V x  <  21,000  ft/sec) 


A  EDC-T  R-66-32 


AEDC-TR-66-32 


Correlation  Parameter,  (Re^x^)  (Mgj/Mg) 


Transition  Reynolds  Number,  Remx^ r 


AEDC-TR-66-32 


Transition  on  a  fi  Q-in  -rliam  Hollow  Transition  on  a  f)  S-in  -rliam 


Free-Stream  Unit  Reynolds  Number,  Re^/in. 


Fig.  20  Transition  from  Laminar  to  Turbulent  Flow  for  Spheres  (7000  <  VM  <  10,000  ft/sec) 
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Fig.  22a  Transition  in  the  Wake  of  High  Speed  Sphere 
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Fig.  22b  Transition  in  the  Wake  of  a  High  Speed  Sphere 
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Fig.  25  Results  from  a  35-kmc  Oblique  Doppler  Radar  System 
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